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Abstract 

Cladding fracture behavior is an important consideration, 
particularly in secondary damage of fuel cladding during 
service and during handling and storage of discharged fuel. 
Pin loading tension test is one of the most promising non- 
standard procedures with which quantification of initiation 
and propagation behavior of an axial crack of a thin-walled 
tubular specimen is possible. This paper focuses on 
characterisation of the fracture surface of a few different 
cladding tubes through a detailed fractographic examination 
and a relative comparison in crack resistance of the tubes in 
correlation with their fracture pattern. 
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Introduction 

Zirconium-based alloys find wide application in 
nuclear industry for encapsulation of fuel pellets 
within thin-walled cladding tubes in the form of fuel 
pins inside the core of the water-cooled reactors for 
their superior properties suitable for nuclear 
applications. Zircaloy-2 in recrystallization annealed 
(RXA) condition and Zircaloy-4 in stress-relief- 
annealed (SRA) condition are some of the materials for 
fabrication of cladding tubes for the reactors in which 
light or heavy water acts both as coolant and 
moderator of neutrons. For different reactors, if such 
cladding tubes are fabricated from the same alloy 
following different processing routes, their final 
microstructure will be different and that may lead to 
difference in their in-reactor performance from the 
material point of view. It is important for the plant 
operators to ensure that the fuel pins do not burst- 
open under various types of operational transients as 
well as accident scenarios. One of the postulated 
design-basis accidents for the fuel-clad tubes is the 
reactivity initiated accident (RIA), in which, there is a 
sudden change in reactivity in the core. It leads to 
rapid heating of the ceramic fuel pellets and fission 



gas release in the fuel pins. The fuel pellets expand 
thermally and may cause the Zircaloy clad tube to 
thin-down which may lead to bursting due to ductile 
crack propagation. In order to assess the integrity of 
such thin-walled tubes in these situations, the data on 
their fracture resistance behavior is required. For the 
limitations caused due to unusual geometry of such 
thin-walled tubes, no standard test procedure can give 
accurate estimate of axial crack resistance properties of 
the components. 

Out of a few different attempts made in recent past for 
quantification of resistance to axial cracking, the pin 
loading tension (PLT) method proposed by Grigoriev 
et al. is found to be most promising in evaluation of 
axial crack resistance behavior of thin-walled tubes 
and using that method the authors calculated J-R 
curves for different thin-walled tubular components 
upon derivation of necessary geometric functions. 
Although the aspect of variation in results for different 
geometric parameters has been addressed to some 
extent, the mechanism of axial cracking with respect to 
variation in morphology of the fracture surface has not 
been studied so far. The current work is all about 
comparison of microstructure and cracking 
morphology of three different Zircaloy cladding tubes 
having different processing routes resulting in 
different degrees of resistance to axial cracking. 

This paper is divided into four sections. The details of 
testing and characterization procedures are discussed 
in section II. The results are discussed with pictorial 
illustrations in section III followed by concluding 
remarks in section IV. 

Experimental 

Three different tubes with different tube geometry and 
chemical compositions are chosen for the present 
study. The details regarding their geometry, tensile 
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properties and chemical composition are elaborated in 
Table 1. For tubes 1 and 2, the authors have already 
constructed J-R curves using load normalization 
method after derivation of all necessary geometric 
functions such as f(a/W), ©Foantiifee 
3, the geometric functions have already been derived 
earlier and in the current work, construction of J-R 
curve is done through load normalization method and 
only the result is shown. The function f(a/W) is 
important for making corrections due to finite 
specimen size for calculating stress intensity factor 
(SIF) of an axially cracked thin walled tubular 
specimen whereas ® and ® functions are required for 
calculation of plastic part of J integral from 
experimental load-load line displacement data and 
making necessary updating for obtaining a crack- 
growth corrected J-R curve respectively. 

TABLE 1 DETAILS OF GEOMETRY, TENSILE PROPERTIES AND 
CHEMICAL COMPOSITION OF THE THREE TUBES 



Tube 


Geometry 


Tensile properties 




Inner 
dia. 
(mm) 


Wall 
thickness 
(mm) 


Yield 
strength 
(MPa) 


Ultimate tensile 
strength (MPa) 


Tube 1 


12.4 


0.9 


427.6 


619 


Tube 2 


14.2 


0.4 


535 


733 


Tube 3 


12.3 


0.38 


487 


615 


Tube 


Chemical composition (wt %) 




Sn 


Fe 


Cr 


Ni 


O 


Zr 


Tube 1 


1.5 


0.09 


0.1 


0.05 


0.12 


Balance 


Tube 2 


1.5 


0.21 


0.1 


0.007 


0.12 


Balance 


Tube 3 


1.35 


0.22 


0.1 


0.005 


0.126 


Balance 




FIG. 1 AXIALLY CRACKED SPECIMEN MACHINED FROM A FUEL 

PIN 



FIG. 2 PRE-CRACKED SPECIMEN LOADED FURTHER BY TWO 
SPLIT MANDRELS 



The appearance of a specimen fabricated from the 
tubes is shown in Fig. 1. The specimen is essentially a 
13 mm long section cut from the tube having four 
coplanar notches across the tube diameter. The 
functietffiled design of the specimen is available in refs. 
Sufficient no. of specimens for all the three tubes is 
fabricated for fracture toughness testing. Based on the 
inner dia. of the tubes, three sets of fixtures for loading 
are also fabricated. A representative fixture is shown 
in Fig. 2. It has two symmetric halves and each half 
has a hemispherical mandrel. When these two halves 
are held together it forms a mandrel for loading of the 
tubular specimen in mode I fashion through insertion 
of pins. A more detailed description of the fixture is 
also available in refs. The specimens are first subjected 
to a set of cyclic loading steps for generation of a sharp 
crack ahead of the machined notch tip of length 1.5 
mm. subsequently they are subjected to fracture 
toughness testing with different final displacements 
and the resultant data is analyzed upon determining 
crack lengths of each specimen before and after the 
test through a nine point averaging method under a 
stereomicroscope (Fig. 3). A load normalization 
method as per ASTM standard E-1820 is used for 
estimation of intermediate crack lengths and using the 
crack-growth information J-R curves for all three 
axially cracked tubes are calculated and shown in Fig. 
4. More about load normalization method is available 
in refs.. 

Scanning electron microscopy of the fractured surface 
as well as polished and etched surface for all the three 
tubes are carried out. A 45%HNO3-45%H 2 O-10%HF 
solution is used as etchant. 

Results and Discussion 

A representative picture of cracked face of a specimen is 
shown in Fig. 3. The length of crack extension (Aa) and 
the crack length prior to fracture toughness testing (ao) 
are measured with nine-point averaging as described 
in earlier section. The portion denoted as 'crack 
extension' is the area of interest for study of 
morphology of the fracture surface. Choosing each of 
the specimens of the three tubes, the SEM 
fractography is carried out and the SEM micrography 
is also separately done as described earlier. 

In Fig. 4, the J-R curves for all the three tubes are 
compared after calculation through load 
normalization method. For the sake of clarity, only one 
curve for each tube is shown, as good reproducibility 
is achieved individually for all tubes considering each 
specimen. It is clearly seen that despite having nearly 



41 



www.ijnese.org 



International Journal of Nuclear Energy Science and Engineering Volume 3 Issue 2, June 2013 



similar chemical composition, there is difference in 
crack resistance behavior of the tubes. Since concept of 
elastic-plastic fracture mechanics supports the fact that 
variation of geometry (i.e. tube wall thickness) is a 
governing factor in variation in strain energy release 
rate (J), diversity in result is evident. Still, it is 
important to find if there is variation in microstructure 
and fracture morphology that is responsible for such 
distinct results. Crack initiation toughness (J0.2) of tube 
3 lies between those of tube 1 and tube 2, whereas 
crack propagation ( dPys worst for tube 3. 
[da J 




FIG. 3 FRACTURE SURFACES FOR BOTH SIDES OF THE OF A PLT 

SPECIMEN AFTER FRACTURE TOUGHNESS TESTING 
DEPICTING REGIONS OF FATIGUE PRE-CRACK AND ACTUAL 
CRACK PROPAGATION DURING LOADING 




0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 

Aa(mm) 

FIG. 4 THE DERIVED J-R CURVES FOR ALL THE THREE TUBES 

The SEM fractographs of the cracked surface of the 
tubes are shown in Fig. 5-7. From comparison of the 
three figures, it can be inferred that different degree of 
prior plastic deformation is associated with initiation 
and propagation of crack for the tubes. The material 
for tube 1 is RXA Zircaloy 2 and because of 
recrystallization annealing there is formation of new 
strain-free grains, enhancing plasticity of the matrix 
and thus it showed a higher resistance to initiation and 
propagation of the axial crack if one compares with 
the result for tube 3. From the fractography (Fig. 5), it 
is seen how the ligaments surrounding any particle is 
stretched before complete detachment. For tube 2 and 
tube 3, the material that is SRA Zircaloy 4 is in stress 
relieved annealed condition. But still there is 
difference in microstructure and fractographic 



appearance of the surface. From comparison between 
the Fig. 6 and 7 one can infer that for tube 2 the 
average dimple sizes are smaller and the extent to 
which the ligaments surrounding the dimples are 
stretched are also greater. Also, for tube 2, the tip of 
the broken ligaments is much sharper. This is why 
tube 2 shows superior resistance to crack propagation 
if compared with tube 3. Hence in a qualitative sense, 
it can be said that in room temperature all the three 
tubes show cracking behavior that comes under the 
purview of ductile fracture but the extent of energy 
absorbed during initiation and propagation of the 
crack are different. This is because the history of the 
tubes is not same. In order to find the difference in 
microstructure of the tubes, micrography through 
SEM is carried out and the micrographs of the tubes 
are shown in Fig. 8-10. 

If one compares the sharpness of broken ligaments of 
the three tubes concerning axial cracking from Fig. 5-7, 
it can be found that it is more for tube 2 when 
compared with tube 1 and tube 3. From the 
fractographs it is evident that micro-void coalescence 
is perhaps the most suitable mechanism in explaining 
the ductile fracture associated with axial cracking of 
Zircaloy tubes. Micro-void coalescence is essentially a 
process involving three steps: (a) de-cohesion of 
particles embedded in the matrix under tensile load 
resulting in formation of tiny voids, (b) growth of the 
voids under prolonged loading and thinning of matrix 
ligament between two or three voids and finally, (c) 
joining of voids through complete necking and 
fracture of the ligaments leaving dimples at the 
location of the particle. In order to investigate presence 
of second phase particles, micrography under SEM for 
all the three tubes is done and the micrographs are 
shown in Fig. 8-10. From the three figures, it is evident 
that tube 1 and tube 3 have more or less same fraction 
of second phase particles whereas distribution and 
size of particles for tube 2 is different. The relative 
content of elements are also quantified for all the three 
micrographs through energy dispersive spectroscopy 
(EDS) confirming presence of Zr(Cr,Fe)2, Zr2(Ni,Fe) 
type intermetallics. Tube 2 contains a larger fraction of 
particles in its matrix and the size of the particles is 
also smaller. This finding is consistent with the 
fractography of tube 2 presented in Fig. 6 showing a 
sharper appearance of the broken ligaments. The grain 
structure for tube 1 (Fig. 8) material is also much more 
revealed as it is recrystallization annealed, whereas 
same is not for tube 2 (Fig. 9) as is only stress relief 
annealed which an operation that is done at lower 
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temperature. The clarity of grain structure for tube 3 
(Fig. 10) appears to be in between that of tube 1 and 
tube 2. 




ID |im 



FIG. 5 SEM FRACTOGRAPH FOR TUBE 1 
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FIG. 6 SEM FRACTOGRAPH FOR TUBE 2 




FIG. 7 SEM FRACTOGRAPH FOR TUBE 3 
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FIG. 8 SEM MICROGRAPH FOR TUBE 1 
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FIG. 9 SEM MICROGRAPH FOR TUBE 2 

Tube 1 is fabricated starting from the as-cast Zircaloy- 
2 ingot through shell extrusion followed by annealing 
prior to three stage pilgering with intermediate 
recrystallization annealing. After that it is again 
annealed and final press pilgering is done followed by 
recrystallization annealing and autoclaving. During 
final RXA treatment, there is coarsening of the larger 
particles of intermetallics Zr(Cr,Fe)2, Zr2(Ni,Fe) type at 
the expense of smaller particles. 




5 



FIG. 10 SEM MICROGRAPH FOR TUBE 3 

Tube 2 is fabricated starting from the as-cast Zircaloy- 
4 ingot by p-quenching from 105OC. It is then hot- 
extruded at 825°C followed by an annealing treatment 
at 760°C for 4 hours. The pierced-ingot is then pilgered 
in three steps with intermediate recrystallization 
annealing at about 650°C for 4 hours between the first 
and second stage, and at about 575°C for 3 hours 
between second and third stages of cold work. The 
third stage of cold work is followed by stress relieving 
at 500°C for 10 hours. 

On the other hand, for fabrication of Tube-3, the 
starting ingot of Zircaloy-4 is double-melted. It is then 
pilgered in three steps with intermediate re- 
crystallization-annealing at about 675°C for 2 hours 
between the first and second, and second and third 
stages of the cold work process. The third stage of cold 
work is followed by stress relieving at 500°C for 8 
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hours. Thus, during the processing of the alloy for 
Tube-3 fabrication, all the alloying elements dissolve 
into the matrix and re-precipitation in the form of fine 
intermetallics does not occur unlike the case of 
material of Tube-2. In addition, the starting ingot of 
Tube-2 is ® -quenched so that there is formation of ® 
phase (BCC) in «p]aas<H£P) 
more ductile compared to the <§phase and it 
(especially, the phase-boundary) facilitates the 
precipitation of intermetallics. This step of heat 
treatment is not practiced during fabrication of the 
alloy of Tube-3. 

Hence, microstructure, especially size and distribution 
of intermetallics plays a crucial role in axial crack 
resistance of Zircaloy cladding tubes as the dominant 
mechanism behind cracking of such alloy is micro- 
void coalescence. A little alteration in alloy chemistry 
and processing route may lead to great improvement 
in crack resistance behavior of Zr-based alloys. 

Conclusions 

A comparative study of axial cracking behavior of 
Zircaloy made cladding tubes is presented. The PLT 
method is suitable for calculation of J-R curves for 
thin- walled tubes. The cracking behavior at room 
temperature for the tubes is ductile in nature and apart 
from tube geometry it is controlled by the shape and 
distribution of intermetallics and strength of the base 
metal matrix. 
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